Background: Chromatin remodeling complexes facilitate the access of enzymes that mediate transcription, replication or repair of DNA by modulating nucleosome position and/or composition. Ino80 is the DNA-dependent Snf2-like ATPase subunit of a complex whose nucleosome remodeling activity requires actin-related proteins, Arp4, Arp5 and Arp8, as well as two RuvB-like DNA helicase subunits. Budding yeast mutants deficient for Ino80 function are not only hypersensitive to reagents that induce DNA double-strand breaks, but also to those that impair replication fork progression. Results: To understand why ino80 mutants are sensitive to agents that perturb DNA replication, we used chromatin immunoprecipitation to map the binding sites of the INO80 chromatin-remodeling complex on four budding yeast chromosomes. We found that Ino80 and Arp5 binding sites coincide with origins of DNA replication and tRNA genes. In addition, Ino80 was bound at 67% of the promoters of genes that are sensitive to ino80 mutation. When replication forks were arrested near origins in the presence of hydroxyurea (HU), the amount of INO80 complex at stalled forks and at unfired origins increased selectively. Importantly, the resumption of DNA replication after release from a HU block was impaired in ino80 mutants. These cells accumulated double-strand breaks as they
Introduction
Eukaryotic genomes are packaged into nucleosomes, which generally reduce accessibility for enzymes that mediate DNAbased cellular processes such as transcription, replication, or the repair of DNA damage. To help overcome this nucleosomal barrier, all eukaryotic cells possess several classes of ATPdependent chromatin-remodeling complexes. These function by repositioning and removing nucleosomes or by exchanging histone variants to alter chromatin conformation [1] . The role of the four major classes of nucleosome remodelers in transcription is well documented. Yet, in some cases, several of the strains deficient in nucleosomal remodelers show a hypersensitivity to DNA-damaging agents that cannot be explained by their transcription-modulating activities. Indeed, recent studies implicate INO80-, SWR1-, and RSC-remodeling complexes directly in DNA repair, most notably at double-strand breaks (DSB) or sites of g-irradiation-induced damage [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The Ino80 chromatin remodeler is of particular interest in this respect. Ino80 is part of a large complex (INO80 complex) containing 15 subunits in S. cerevisiae [5, 11] and 13 in human cells [12] . Among these are the conserved actin-related proteins Arp4 (BAF53), Arp5, and Arp8, as well as Rvb1/Rvb2 (TIP49a/TIP49b in mammals), a RuvB-related DNA helicase. Budding yeast harbors a second, closely related DNA-dependent ATPase called Swr1 that also forms a multisubunit complex containing Rvb1/Rvb2 and Arp4. This complex resembles SRCAP in mammals and both function by exchanging H2A for the histone H2A.Z variant [2] [3] [4] . SRCAP also shares subunits with the mammalian Tip60 complex, which provides histone acetyltransferase activity to modify histone H3 and H4 N-terminal tails in nucleosomes surrounding DSBs (reviewed in [13] ).
In budding yeast both INO80 and SWR1 complexes are recruited to DSBs in response to H2A phosphorylation (gH2A) by the ATM-related Tel1 and Mec1 enzymes, although only the INO80 complex serves to remove gH2A and core histones near the break [7, 8] . Mutations in the INO80-specific subunits Arp8 or Nhp10 impair the binding of Mre11 nuclease, yKu80, and the Mec1-Ddc2 kinase at DSBs, resulting in defective end-resection and checkpoint activation (reviewed in [14] ). Mutants lacking Swr1 do not have equivalent defects [8] ; thus, in yeast the complex containing Ino80, but not Swr1, appears to contribute to processing of breaks for DSB repair.
In mammals the INO80 complex also has been implicated in promoting repair by homologous recombination [10] . The human INO80 complex contains the Polycomb-group protein YY1, which is not conserved in budding yeast. Reduced levels of YY1 or Ino80-rendered cells hypersensitive to DNA-damaging agents and deficient for homology-directed repair of chromosomal DSBs [10] . It is proposed that YY1, which binds the Rvb1/2 subunits TIP49a and TIP49b, recruits the complex to damage by directly recognizing recombination structures.
It remained unexplained why ino80 mutants in budding yeast are hypersensitive to arrest by hydroxyurea (HU) [6] , which stalls forks, but unlike MMS does not necessarily generate DNA breaks. Indeed, in budding yeast sensitivity to HU often reflects an inability of replication polymerases to remain engaged at stalled forks and restart synthesis after a prolonged arrest (reviewed in [15] ). To examine the role of INO80 complex in replication events, we have mapped Ino80 and Arp5 binding under both unperturbed and fork-stalling conditions. We find that both components of the complex are frequently present at yeast origins of replication (ARS elements) even in the absence of damage. INO80 complex is recruited at even higher levels to replication forks when they stall on HU. Cells deficient for Ino80 remodeling activity show defects in replication fork restart, generating DSBs, and delaying recovery from the intra-S-phase checkpoint arrest.
Results

INO80 Complex Is Found at Origins of Replication and at tRNA Genes
To understand the function of the INO80 complex, we have mapped its binding sites over four S. cerevisiae chromosomes by hybridizing DNA recovered from chromatin immunoprecipitation (ChIP) to tiled microarrays of chromosomes 3, 4, 5, and 6R (ChIP-chip) [16] . Antibodies specific either for Arp5 or for Myc-tagged, endogenously expressed Ino80 itself were used on lysates prepared from cells that were formaldehyde-fixed during exponential growth.
The chromosome-wide distributions of Ino80 and Arp5 are nearly identical ( Figure 1A and Figures S1-S3 available online). Indeed, Arp5 is an integral component of the INO80 complex, essential for its nucleosome remodeling activity in vitro [17] . INO80 complex binding sites map primarily to intergenic regions, yet their distribution was clustered. We detected contiguous zones ranging in size from 40 to 120 kb that were either consistently enriched or consistently depleted for the INO80 complex ( Figures S1-S3 ). The underlying cause of this distribution is unknown; we find no significant correlation with gene density or the previously described AT-or GC-isochores that characterize yeast chromosomes [18] [19] [20] .
Consistent with its role in gene regulation, INO80 complexes were mapped to many promoters. Among those genes known to be regulated by Ino80 under unperturbed growth conditions [6] , roughly two-thirds showed enrichment for Ino80 (67%) and Arp5 (60%) within 1 kb of the transcriptional start site (data not shown). Nonetheless, this value is relatively low when compared to equivalent measurements made for Swr1 and its subunit Arp6, which were found at 87% of the promoters that require it for efficient repression (T. Yoshida and M.H., unpublished data). More surprising was the correlation of Ino80 and Arp5 signals with sites of initiation of DNA replication (autonomously replicating sequences or ARS, indicated by red arrows in Figure 1A and Figures S1-S3 ). Not all ARS elements were Ino80 positive in exponentially growing cells, yet Ino80 binding was detected more frequently at origins than could be expected by randomized interaction based on hypergeometrical distribution calculations (p = 0.020). To understand whether a specific subset of origins selectively bind the INO80 complex, we classified the origins by their timing of initiation. As shown in Table 1 , INO80 complex binding in unperturbed cells was found most frequently, but not exclusively, at origins that fire early in S phase. Nonetheless, the degree of enrichment at origins was lower for Ino80-myc than for Orc1 or Cdc45 [16] . This could stem either from cell-cycle variations in Ino80 binding or lowcrosslinking efficiency.
A second class of chromosomal loci strongly associated with Ino80 was that of tRNA genes ( Figure 1A, black arrows) . Of the 114 tRNA loci scored, 93% were positive for Ino80 in exponentially growing cells, as well as in synchronized G1-and S-phase cells (Table 1 , Figures S1-S3 , and data not shown). The tRNA genes are known to be natural pause sites for replication forks [21] , and progression through tRNA requires Rrm3, a DNA helicase that progresses with the replication machinery [22] . Interestingly, yeast strains lacking the INO80 complex subunit arp8 show similar profiles of synthetic growth defects as the rrm3 null mutant (bioPIXIE database [23] ). The defects are not additive when combined in a double mutant, however, suggesting that the INO80 complex and Rrm3 may function on a common pathway.
INO80 Complex at Origins Increases upon HU-Induced Arrest of Replication Forks
Given the presence of Ino80 at origins and tRNA genes, we examined whether its presence might reflect a function for the remodeler at sites where DNA polymerases are paused. If Ino80 was selectively recruited to damage, one might expect this binding to be S phase specific. To examine this we performed ChIP-chip analysis for Ino80 precipitated from cells arrested in G1 by treatment with pheromone (a-factor) and after their synchronous release into 0.2 M HU. Under these conditions replication forks stall within 5 kb of early origin initiation zones [16] . In G1-phase cells the distribution of Ino80 was nearly identical to that observed for a random population: some, but not all, origins were positive. In cells treated with HU, we note a significant increase in both frequency and abundance of Ino80 at origins of replication (Table 1 ). Even origins that had levels of Ino80 below our threshold of detection in G1-phase cells became positive when the culture was treated with HU ( Figure 1B) .
One might imagine that the INO80 complex binds to all sites in an enhanced manner in S-phase cells. To see if the increase we scored at origins on HU was specific to forks that arrest within a few kb of early firing origins, we plotted the ChIPchip values for all loci in G1-phase cells (a-factor arrest; x axis) versus the values obtained in HU-arrested cells (y axis). The mean increase of Ino80 at ARS elements was significantly more than at other loci ( Figure 1C , compare regression lines for all ARS elements versus all loci). The binding of Ino80 at tRNA genes did not increase in a similar manner ( Figure S4 ), consistent with the fact that tRNA genes do not generally flank origins. Intriguingly, there were seven origins at which Ino80 binding did not increase on HU, and almost all of these fall in repressive chromatin environments. Two are inactive origins at silent mating type loci (ARS301 and ARS317), and four are late firing (ARS410, ARS443, ARS522; and ARS319 in the subtelomeric core X element), suggesting that silent chromatin may be refractory to the INO80 complex.
INO80 Binding Correlates with DNA Polymerase Arrest at Early-Firing Origins
To determine whether the increase in Ino80 binding on HU parallels the stalling of replication polymerases, we monitored both DNA polymerase 3 and Ino80 by ChIP at an early-firing origin after their dynamics as cells synchronously enter S phase and arrest replication due to nucleotide depletion. We maximized the efficiency of Ino80 recovery by exploiting a novel biotin tagging system [24] that allows stringent washing prior to analysis by quantitative PCR. Yeast cells were reversibly arrested with a-factor and released into 0.2 M HU for 20, 40, and 60 min. Both DNA pol 3 and Ino80 levels increased rapidly at ARS607 and at +4 kb from the initiation zone as replication forks accumulated in this zone for up to an hour ( Figure 2A ). This ChIP Figure 1 . g We note that this level does not increase significantly on HU ( Figure S4 ). (A) Cells bearing a genomic copy of Ino80-Avi tag and an isogenic nontagged strain, both carrying pRS415-NLS-BirA, were cultured with biotin to allow tagging of Ino80. These cells and cells bearing Pol2-13myc [48] were synchronized in G1 with a-factor and then released into 0.2 M HU. ChIP samples were taken after 0, 20, 40, and 60 min in 0.2 M HU and analyzed by real-time qPCR for ARS607 and for loci +4 kb and +14 kb from ARS607 [48] . We note that Ino80 levels in G1 are slightly higher at +4kb than at the origin, probably reflecting its binding to the promoter of the gene ATG18 found at this site (see map data suggests that INO80 associates not only with origin-bound complexes but also with stalled replication forks. We tested the generality of this observation by quantifying Ino80 ChIP signal at several other origins in cells arrested either in G1, in S phase with HU, or in G2/M with nocodazole ( Figure 2B ). The amount of Ino80 recovered at replication origins in HU-arrested cells increased reproducibly by 2-to 3-fold ( Figure 2B ), whereas in nocodazole, the values generally dropped. In nocodazole the values generally were lower than on HU. Ino80 ChIP at the gene SAP155 served as a control for origin specificity; its low level of Ino80 binding at this locus did not fluctuate under the conditions tested.
We also monitored the presence of Ino80 within the rDNA array because each rDNA repeat unit contains a replication fork barrier (RFB) that blocks replicative polymerases in a unidirectional manner [25, 26] . Consistent with the observed accumulation of Ino80 and DNA pol 3 near ARS607 in HU-treated cells, we see a selective enrichment of Ino80 protein at the replication fork barrier in the rDNA ( Figure 2B) .
Intriguingly, the accumulation of INO80 complex at origins on HU is not restricted to those that initiate replication early (Table 1 and Figure 2B ). We also scored an increase in Ino80 signal at late-firing origins during the arrest in HU even though the checkpoint kinase Rad53 represses the initiation of replication at these origins on HU [27] . With respect to late origins, Figure 3 . ino80 and arp8 Mutations Impair Resumption of Replication after HU Treatment (A) A wild-type strain (GA-2263) and isogenic disruptions for either ino80, arp5, or rad51 were arrested in a-factor then released into 0.2 M HU and held for 0, 2, 4, and 6 hr. Cells were then plated in triplicate onto rich media without HU (YPD) and colony formation was scored after 3 days at 30
C. Wild-type strain values are used for normalization (100%). Error bars represent the standard deviation of triplicates. (B) Wild-type, ino80, and arp8 cells were synchronously released into 0.2 M HU as in (A) for 90 min. Cells were then washed and released into fresh YPD, and samples were taken for FACS analysis. We could monitor a delay in progression from G1 into S phase in the absence of ino80 when an unperturbed cell cycle was monitored by FACS (data not shown). This is likely to reflect Ino80-dependent changes in G1 transcriptional events [4, 6] because early-origin firing is unaffected by the mutation (C). (C) Two-dimensional gel analysis was performed on the cell samples taken for FACS in (B) at the indicated time points. PstI digested genomic DNA was analyzed by 2D gels probed for ARS607 and a site at +8 kb from ARS607.
our data argue that enhanced Ino80 recruitment occurs before replication initiation.
ino80 Mutants Delay Recovery from Replication Fork Stalling Finding the INO80 complex accumulating at stalled replication forks prompted us to test whether its remodeling function is necessary for the resumption of DNA replication. This can be quantified by scoring the ability of cells to form colonies after prolonged exposure to 0.2 M HU. Wild-type cells show a robust ability to recover, with less than a 10% drop in viability after a 6 hr treatment in HU [28] . Deletion of either ino80 or arp5, on the other hand, reduced colony forming units by 60% ( Figure 3A) . This is similar to the drop in viability observed with mutants in the recombination-mediating component Rad51 but is less severe than that scored for cells lacking the ATR kinase Mec1 [28, 29] .
To see if the drop in viability reflects impaired replication fork resumption after HU arrest, we monitored DNA synthesis by FACS and 2D gel analysis during recovery from arrest on HU. First, we note that in the absence of HU, wild-type and mutant cells progress through S phase with roughly equal kinetics, although origin firing is somewhat less synchronous in ino80 mutants ( Figure S5 ). When wild-type, ino80, and arp8 cells were synchronously arrested in 0.2 M HU for 1.5 hr and then allowed to resume growth in fresh medium, FACS analysis shows delayed S-phase progression in ino80 and arp8 cells ( Figure 3B ). Indeed, wild-type cells typically completed replication by 75 min, yet unduplicated genomes persisted beyond 75 min in the mutant ( Figure 3B) . Analysis of replication intermediates by 2D gel electrophoresis confirmed that loss of Ino80 function delays the completion of DNA replication after fork arrest. Two-dimensional gels were probed for the early-firing origin ARS607 to monitor the ''bubble arcs,'' which indicate initiation of DNA replication. By 2D gel analysis, the intensity of the bubble-arc signal was similar in the mutant and wild-type cells, arguing that initiation, per se, is not impaired. However, upon release from HU, the bubble arc in wild-type cells disappeared by 40 min as the replication fork moved along the DNA fiber (note the Y arc signal at +8 kb by 60 min; Figure 3C ). In contrast, in ino80 and arp8 mutants, the replication bubbles persisted at the origin until 60 min and the Y arc signal at +8 kb remained strong. Although we did not detect fork collapse by 2D gel analysis in the form of a ''cone'' signal [30] , ino80 mutants, nonetheless, had significantly delayed or impaired resumption of DNA synthesis. Again, in the absence of HU, we detected only minor differences in origin firing between wild-type and mutant cells ( Figure S5B ).
Ddc2
Foci Accumulate, Generating Rad52 Foci as ino80 Cells Recover from HU Arrest Impaired fork recovery often leads to the formation of a repair focus enriched for Mec1-Ddc2, the budding yeast equivalent of ATR-ATRIP [15] . Mec1-Ddc2 accumulates at resected DSBs in a manner dependent on the single-strand binding factor RPA [31] [32] [33] . If stalled forks generate breaks that must be (B) Isogenic wild-type (GA-4956) and ino80 cells (GA-2264) expressing Rad52-YFP (pWJ1213, a gift form R. Rothstein) were cultured in SCHis. Cells were synchronously released into SCHis + 0.2M HU for 90 min and then were released into fresh SC-His for 2 hr. a-factor was added to the culture after 90 min to block the entry into next S phase. Frequency of cells having one, two, or greater than three Rad52-foci is plotted. (C) Isogenic wild-type, ino80, and arp8 cells bearing hENT1 and 83 TK were released synchronously into 0.2 M HU containing CldU for 1.5 hr. Cells were washed and released in fresh YPD containing IdU. After 45 min, cells were blocked prior to mitosis by nocodazole (15 mg/ml) and cultured for another 45 min. Genomic DNA was sonicated and denatured, and CldU and IdU incorporated DNA fragments were recovered by immunoprecipitation (see the Experimental Procedures for details). The distribution of label around origins was probed by real-time PCR for ARS607, ARS607+4k, ARS607+14k, and ARS522. The ratio of recovered IP/input DNA is normalized to that of ARS607. repaired by homologous recombination, then a focus of Rad52 forms. Because the severity of an S-phase insult can be quantified by scoring the frequency of either Ddc2 or Rad52 foci [34, 35] , we examined whether loss of Ino80 activity enhances either the accumulation of foci containing either Ddc2-GFP or Rad52-YFP during the recovery from HU block.
Upon arrest in HU, wild-type cells had a single bright Ddc2 focus in only 5% of the cells. As cells were released from HU into rich medium, cells with a single Ddc2 focus transiently peaked at about 30% at 1 hr after release, and by 2 hr the value dropped again to 7%, indicating that <10% of wild-type cells had a persistent DSB or stalled fork ( Figure 4A ). In contrast nearly 20% of the ino80 mutant cells had one or two bright Ddc2 foci upon HU arrest, and >30% of the mutant cells retained more than one persistent Ddc2 focus per cell 1 hr after removal of HU ( Figure 4A ). Finally, 15% of ino80 cells had R3 Ddc2 foci by 1.5 hr after release, whereas multiple foci occurred in just 1% of wild-type cells.
Importantly, Ddc2-GFP foci were seen to persist >2 hr only in the mutant cells. This would argue that recovery is impossible or delayed, consistent with the loss of viability scored for the HU-treated ino80 mutant ( Figure 3A) . We therefore scored for Rad52 foci to see if ino80 cells were accumulating DSBs or simply single-strand DNA that would bind Mec1-Ddc2. We found that ino80 cells actually form fewer Rad52 foci than wild-type cells when they were arrested in HU, but when the cells tried to recover from fork arrest, the number of Rad52-YFP foci in the mutant increased, until >35% of the cells had more than one focus ( Figure 4B ). By contrast, the number of foci in wild-type cells decreased during recovery, indicating successful completion of repair. These differences in foci formation are not seen in randomly growing cultures: The rates of spontaneous Ddc2-and Rad52-focus formation in an unchallenged S phase are very similar in wild-type and in ino80 mutant cells ( Figure S6 ). This is consistent with the FACS data, which argue that the absence of Ino80 does not impair normal S phase progression ( Figure S5) . Rather, INO80 function is necessary to prevent fork collapse and the accumulation of unproductive recombination structures under conditions of fork stalling.
To monitor the efficiency with which these cells resume DNA synthesis, we used yeast cells carrying the herpes virus thymidine kinase (TK) and hENT1 genes to reconstitute a thymidine nucleotide salvage pathway [36] . These modified yeast cells efficiently incorporate derivatized thymidine analogs supplied in the culture media, such as IdU and CldU, allowing us to monitor newly synthesized DNA. The wild-type, ino80, and arp8 cells carrying TK and hENT1 were synchronized in G1 and then allowed to grow for 90 min in media containing 0.2 M HU and CldU. A sample was taken and the remaining cells were released into fresh YPD containing IdU to monitor resumption of DNA synthesis. DNA fragments that had incorporated CldU or IdU were recovered by immunoprecipitation [16] , and the enrichment of newly synthesized DNA at ARS607 or at the late origin ARS522 was quantified by qPCR ( Figure 4C ).
Wild-type cells efficiently incorporated CldU close to the early-firing origin ARS607 ( Figure 4C ). Moreover, after release from HU, the resumption of replication led to IdU incorporation in more distal origin fragments (+14 kb; Figure 4C ). In ino80 cells, consistent with our 2D gel analysis, we saw efficient incorporation of CldU at ARS607 as origins fired and the cells arrested in HU. Its incorporation was reduced at +14 kb, which indicates that fork progression was impaired on HU. More importantly, IdU incorporation did not increase at +14 kb during recovery from HU arrest, arguing that DNA synthesis failed to resume in the ino80 mutant ( Figure 4C ). The low level of CldU and IdU incorporation at the late origin ARS522 on HU (half of ARS607 levels) confirmed that origin firing was blocked in both strains, although the ARS replicated efficiently after recovery from HU (see IdU signal; Figure 4C ). This reinforces our interpretation that loss of Ino80 does not impair initiation or DNA synthesis in general but, specifically, the resumption of replication following fork arrest.
Rad53 Kinase Phosphorylation Persists in ino80 Cells
The repression of late-firing origins on HU required activation of the downstream checkpoint kinase Rad53 [27] . To examine the efficiency of Rad53 activation in cells lacking the INO80 complex, we monitored Rad53 mobility in an SDS gel after exposure to HU because this shift is a sensitive measure of autophosphorylation and kinase activation. Indeed, in ino80 and arp5 cells exposed to 0.2 M HU, we see a robust shift in Rad53 to a more slowly migrating form after 60 and 90 min on HU ( Figure 5 ). On MMS we even scored Rad53 hyperactivation in the ino80 mutant (data not shown), although in response to a HO-induced DSB there is a delayed activation of Rad53 in ino80 mutants [8] . This delayed checkpoint activation could reflect a role of INO80-mediated remodeling in efficient endresection at the DSB.
We then assayed for the dephosphorylation and downregulation of Rad53 during the recovery phase after HU arrest. We find that the phosphorylated form of Rad53 persisted longer in the ino80 and arp5 mutants than in wild-type cells after release from the HU-induced arrest ( Figure 5 ). This is consistent with the observed accumulation of Ddc2 and Rad52 foci and the delayed resumption of DNA synthesis after HU treatment. We conclude that the impaired recovery from replication fork stalling that occurs in Ino80-deficient cells leads to a prolonged damage response.
Discussion
Here, we show that the INO80 chromatin-remodeling complex is associated with stalled replication forks genome wide. Consistently, strains lacking Ino80 show significant defects in the resumption of DNA replication, as monitored by an inability to resume DNA replication, an accumulation of Rad52-bound repair foci, and the ensuing hyperactivation and persistence of the checkpoint response. Although we do not formally exclude the possibility that some of the phenotypes are compounded by a misregulation of gene expression in ino80 mutants, the striking accumulation of the INO80 complex at stalled forks near origins and at replication-fork barriers such as the rDNA RFB and tRNA genes argues that it is likely to act directly in DNA fork recovery.
We have shown a highly significant loss in recovery from HU-induced fork stalling in cells lacking Ino80. This is manifest as a reduction in the ability to incorporate derivatized NTP by DNA replication after HU removal, the accumulation and persistence of Mec1-Ddc2 and Rad52 foci, and increased cell death (Figures 2-4) . Because Ino80 is present at stalled forks, we propose that the INO80 complex directly promotes DNA polymerase resumption in the vicinity of the fork by modulating chromatin status through its ability to either remodel or remove histone octamers [5, 8, 37] . The fact that we observe similar phenotypes with arp5 or arp8 mutations is a compelling argument that the enzymatic activity of the complex is required for fork resumption. Loss of these subunits was shown to impair histone remodeling without disrupting the complex entirely [17] .
It is intriguing that we also detect Ino80 at unfired origins in G1 phase cells and at late-firing origins when cultures are arrested in HU. We note that two subunits of the INO80 complex, Arp4 and Rvb2, were recovered in a fraction containing purified ORC (C.A. Fox, personal communication). It is unlikely, however, that Arp4 or Rvb1/2 alone can account for the recruitment of INO80 to origins. The SWR1 complex also contains the Arp4 and Rvb1/2 subunits, and in a separate study we have monitored the chromosomal distribution of Swr1 and Arp6 in a series of ChIP-chip experiments. Importantly, <20% of the ARS elements bind the SWR1 complex in a randomly growing culture, and in the presence of HU the percentage actually drops to 5%, which is opposite of the INO80 response (T. Yoshida and M. H., unpublished data). Consistently, the swr1 null allele does not show sensitivity to HU [4] . Loss of the variant histone H2A.Z, which the SWR1 complex deposits, also did not influence survival on HU or fork movement [38] . Thus, although Rvb1/2 may contribute to basal levels of interaction, HU-induced recruitment appears to be specific for INO80.
It is important to note that the binding of the INO80 complex at promoters and tRNA genes did not change in cells arrested in high HU ( Figure S4 ). Thus, the enhanced binding of INO80 at stalled forks and at repressed origins is specific. Its specificity may be enhanced by activation of the checkpoint response. The binding of Ino80 at late-firing origins could reflect association of the complex with components of ORC, the pre-replication complex, or another DNA-bound factor. The INO80 Ies4 subunit already has been reported to be a target of Mec1-Ddc2 kinase [39] , and this and/or a similar modification may be responsible for the increased binding seen on HU. Alternatively, checkpoint-induced modifications might enhance the affinity of the complex for aberrant DNA structures such as those accumulated at stalled replication forks. This mechanism has been proposed for the recruitment of human INO80 by YY1 [10] . In any case, the fact that Ino80 enrichment on HU is site specific makes it clear that multiple pathways lead to INO80 recruitment and that only some of these are sensitive to checkpoint activation. Further analysis is needed to identify which of the 13 subunits of the INO80 complex mediate its affinity for different sites.
From FACS and 2D gel analyses, we argue that the INO80 complex is not required for origin firing per se but, rather, for resumption of replication by stalled polymerases. The observed lack of fork recovery may lead to an enhanced dependence on recombinational repair ,which was observed to be compromised both in ino80 mutants in yeast [9] and when YY1 or Ino80 was depleted in human cells [10] . We note that synthetic growth defects were reported between mutants in arp8 and mutations in either rad55 or rad59, which are implicated in recombinational repair [40] . Furthermore, genome-wide synthetic lethal screening also suggests that Arp8 interacts genetically with Rad27 (a protein implicated both in repair and in Okazaki fragment processing), Ctf4 (pol a associated protein), and Pol32 (the third subunit of pol d) [41, 42] . Pol32 is required for translesion synthesis when replication forks encounter damage [43] and break-induced replication [44] .
These genetic results suggest that alternative fork-related repair mechanisms become critical when the INO80 complex is not functional at stalled forks. It is not yet clear whether Ino80 promotes one particular mode of fork recovery or, alternatively, removes histones and other impediments to facilitate various pathways of fork resumption (reviewed in [15] ). Arp8 or Ino80 function becomes necessary for survival in cells in which re-replication of DNA is forced by a manipulation of ORC and Cdc6 [45] (bioPIXIE [23] ) and in cells that depend on nonreciprocal recombination-mediated events between telomeres, such as break-induced repair, for telomere maintenance [46] . These defects could all reflect INO80's role in promoting stalled replication-fork recovery.
How does the recruitment and function of INO80 at stalled forks differ from its role at DSBs? At DSBs the INO80 complex recognizes and helps evict a phosphorylated form of H2A (called gH2AX in mammals) [6] [7] [8] 40] , largely through its small subunit Nhp10 [40] . Although H2A becomes phosphorylated in a Mec1-dependent manner at stalled replication forks [28] , we found that the recruitment of Arp5 to ARS607 on HU occurs independently of gH2A (see Arp5 ChIP in the hta1/2 S129* mutant; Figure S7 ). Consistently, deletion of nhp10 failed to provoke the same loss of viability as ino80 or arp5 mutants during recovery from HU arrest (data not shown). Thus, unlike the situation at a DSB, we speculate that yeast may have a ''recombination structure'' recognizing factor similar to YY1 [10] , which could be crucial for recruiting the INO80 complex to unusual structures at stalled forks, preventing their breakage during crucial steps in the resumption of replication fork progression.
Experimental Procedures
Yeast Techniques
All yeast strains are listed in Table S1 . Cell culture used standard YPD or SC media at 30 C. Pheromone synchronization, HU arrest, and release were performed as described [28, 47] . For G2/M arrest, cells were cultured in 15 mg/ml nocodazole YPD 1% DMSO for 3 hr. FACS analysis was performed as described in [48] ; see also the Supplemental Experimental Procedures. Two-dimensional gel analysis was carried out essentially as described in [48] , except that cells were spheroplasted with 100 U/ml lyticase in QIAGEN Y1 buffer for 30 min at 30 C, and genomic DNA was isolated with QIAGEN G20 tips. Replication intermediates were detected with DIG-labeled probes as indicated (Roche, DIG Application Manual).
ChIP-Chip Assays
ChIPs with the appropriate Dynabeads (DYNAL) were performed as previously described [16] with either anti-Myc monoclonal antibody (9E11; Abcam, ab56) or an anti-Arp5 polyclonal antibody. Further details are provided in the Supplemental material. Microarrays were scanned by GeneChip Scanner 3000 7G (Affymetrix), and data analysis was performed as previously described [49] .
ChIP and qPCR Ino80-Avi ChIP was performed essentially as described in [24] with an Ino80-myc-Avi tag and an isogenic nontagged strain transformed with pRS415-NLS-BirA. Growth media was supplemented with 20 nM biotin. For TK normalization, 1 3 10 7 cells of GA-4563 (83 TK) were added to the culture prior to fixation with 1% formaldehyde for 30 min at 25 C. Cell lysis, immunoprecipitation, and crosslink reversal were done as described in [24] except that streptavidin-Dynal bead incubation with cell extracts was carried out at 4 C for 3 hr. Input and immunoprecipitated DNA was purified as described in [48] . Ino80-13myc and Pol2-13myc ChIP was carried out as described in [48] with anti-Myc 9E10 antibody, and precipitated DNA was quantified with real-time PCR by using Taqman probes or SYBR green. For the incorporation and ChIP on CldU and IdU incorporation, see the Supplemental Data. The Ct values of a seeded TK gene or else of the endogenous locus FAB1 were used for background determination. Sequence information of probes and primers is available upon request.
Microscopy
Wild-type and ino80 cells bearing one genomic copy of DDC2-GFP or the plasmid-borne RAD52-YFP (pWJ1213) were synchronously released from a G1 block into 0.2 M HU for 90 min. Cells were washed and released into fresh medium then analyzed by the microscopy at indicated times or at 2 hr for Rad52-YFP. A Metamorph-driven Olympus IX70 microscope was used to capture 21 image stacks of 0.2 mm step size. More than 100 cells are scored for each time point.
Accession Numbers
ChIP-chip data are available at the GEO database under accession number GSE9421.
Supplemental Data
Additional Experimental Procedures, seven figures, and one table are available at http://www.current-biology.com/cgi/content/full/18/8/566/ DC1/.
